effect of variability between programmes in the diagnosis and recording of specific malformations. In a more recent report from the same organization, 9 no mention is made of taking programme of origin into consideration. In this study the number of malformations registered in each infant was taken into account.
Another way to study the clustering of malformations is described by Czeizel et al. 11 The authors claim that their Gaussian additive multifactorial threshold model, applied to a Hungarian population, could explain the occurrence of multiple malformations. By analysing correlation matrixes, the authors identified malformation combinations which they investigated further.
A somewhat different way to express the relationship between two or three malformations is the application of loglinear models 12 simultaneously studying the association between three or more malformations. 13 In the present paper we describe a modification of the original method 1 of studying malformation association patterns in infants with multiple malformations. We have used multiple logistic regression analyses 14 and various possible confounders were entered into the model in order to reduce the probability of obtaining false associations-or for missing biologically significant associations-because of confounders. We will demonstrate how this procedure affects the strength of association between selected malformations.
Material and Methods
Data were obtained from four well-established malformation monitoring programmes which will be briefly described.
Central-East France (previously called France: Rhone-Alps/Auvergne Registry)
This is a regional, population-based malformation monitoring registry at present based on approximately 100 000 annual births. 15 Data for 1978-1995 were used, drawn from a total of 1.52 million births.
Italy: Italian Multicentric Register of Congenital Malformations (IPIMC)
This is a hospital-based registry which drew data from 114 hospitals all over Italy (about 25% of all Italian births) with about 130 000 annual births. 16 Data for 1986-1994 were used, a total of 0.95 million births.
South America: Latin-American Collaborative Study of Congenital Malformations (ECLAMC)
This is a hospital-based registry based on approximately 70 hospitals in all South American countries and covering about 150 000 annual births. 17 Data for 1982-1995 were used, a total of 0.96 million births.
Sweden
Sweden has a national, population-based register of congenital malformation registration at present based on approximately 100 000 annual births. 1 Data for 1973-1995 were used, a total of 2.41 million births.
Further details on the registries are available. 18 Selective abortion after prenatal diagnosis is virtually absent in South America but occurs in the other countries. Aborted fetuses are not included in the study. Infants with a known chromosome anomaly were excluded but infants with a syndrome designation were included. So-called sequences 19 were also excluded. Removal of sequences will reduce the size of the material for analysis and will let other constellations appear more clearly.
Data were collected as case records according to a previously agreed record layout. For each infant with at least two of the malformations listed in Table 1 , the following information was given: presence or absence of each one of the conditions listed in Table 1 , programme, infant sex, maternal age, stillbirth, autopsy. In order to be counted as two malformations, they must belong to different groups as shown in Table 1 .
After removal of cases with missing values for the variables studied, 5260 were left: 1181 from France, 924 from Italy, 1452 from South America, and 1703 from Sweden.
The following procedure (steps 1-3) was used to study all putative associations between the malformations included in the study. When clusters were found, they could be investigated in greater detail later on, a possibility which will also be demonstrated in Results.
Step 1
For each one of the 73 malformations (groups and subgroups included) a multiple logistic regression analysis was performed with the particular malformation as the outcome variable. In order not to overfit the models, efforts were made never to let the number of independent variables exceed 1/10 of the number of cases (infants with the outcome variable). If necessary, a forward selection procedure was used to select the most important confounder(s). The independent variables were chosen from: programme, year of birth, maternal age (one-year classes), sex, stillbirth, autopsy, and number of malformations. With exception of year of birth, maternal age, sex, and number of malformations, all independent variables were entered as design variables (0 or 1, absence or presence).
The reason for taking stillbirth into consideration is the rather obvious fact that such infants are often less well investigated than liveborn infants are. Infant death may also affect registration. Autopsy of an infant will increase the probability for detection and registration of internal malformations. Preliminary tests showed that autopsy is the dominant factor and little further contribution was obtained from the factor infant death.
When the most important possible confounder(s) were chosen, each one of the other 73 malformations (if not belonging to the same group as the outcome variable) was entered into the model, one by one, as an independent variable. Thus, for each of the 73 outcome variables, OR were obtained, measuring whether or not any of the other malformations was present together with the outcome variable more often than expected among the multimalformed infants. In the analysis of malformations only existing in one sex (e.g. hypospadias), the data set was reduced to only that sex-otherwise, no convergence would occur if sex was entered as an independent variable. In the absence of sex information or when a diagnosis of intersex had been given, a randomization was made of the case to either male or female (proportional to the sex ratio of the total data set). All associations with a P-value Ͻ0.05 and an OR above unity were shown.
Step 2
In order to detect associations that might be hidden behind other strong associations, a second series of analyses was made.
If, for each one of the 73 malformations (A) a significant association was found with another malformation (B) in step one, the latter malformation was not counted, which means that infants with no other malformation than A and B were removed from the data set (because in this situation, the criteria у2 malformations was not fulfilled). Putative confounders were controlled for as in step one.
Step 3
An easy way to detect putative triplets is, with malformation C as the outcome variable, to enter malformation A, malformation B, and the interaction term A*B as independent variables. With this approach, the expected risk of malformation C, given that malformations A and B are present, would be the product of the separate risks. The above mentioned method to detect triplets was used for some combinations of malformations (step 3b), but in order to avoid assumptions of multiplicative effects, another method (described below) was preferred and is regarded as our main method (step 3a).
For each pair of malformations A and B showing an association (found in step one or two), three series of multiple logistic regression analyses (with forward selection of the most important confounder(s) as described above) were used to find associations with a third malformation (C). In the first series, infants with only one of the malformations A or B were 
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Spleen malformation 142 a VSD = ventricular septal defect; ASD = atrial septal defect; TGV = transposition of the great vessels; DORV = double outlet right ventricle; HLHS = hypoplastic left heart syndrome. removed, and the outcome variable was the interaction term: malformation A * malformation B. If malformation A and B was simultaneously present, they were counted as only one malformation-and consequently, the number of malformations among infants with both these malformations decreased by one. As previously, infants with less than two malformations were removed from the data set. In the second and third series of analyses, malformation A or malformation B, respectively, was the outcome variable, and all infants with malformation B or A, respectively, were removed from the data set. Following this procedure, the goal was achieved of making the comparison group constant during the three series of analyses (infants with neither malformations A or B). For each of the pairs (A + B), associations with malformation (C) with P Ͻ 0.05 and an OR Ͼ1.0 were shown if malformation C was significantly (P Ͻ 0.1) more associated with the pair A + B than with the malformations A or B alone. The comparison of two OR were made by z-tests (under the assumption of normal distribution of the log OR). Theoretically, this method could be repeated in order to find higher order associations, but in reality the number of cases will become so low that the results will be of little interest.
For comparison, a modification of the method described by Beaty et al. 13 was used for some combinations of malformations. These authors used a log-linear model which included terms for every possible pairwise (or higher order) associations among seven selected congenital malformations. To simultaneously test 73 malformations in this way is impossible due to the large number of parameters to be estimated. Thus, in the present study a series of log-linear analyses were made, each investigating putative associations among some selected malformations. Table 2a shows the results from two multiple logistic analyses with (a) anencephaly, and (b) median cleft palate as outcome variables, and all the putative confounders discussed in Material and Methods as independent variables. The incidence of anencephaly in South America is known to be comparatively high (reference = Sweden) and so are the stillbirth or early neonatal death rates among infants with anencephaly (which influence the autopsy rate). The significantly increased OR for South America, stillbirth, and autopsy are thus expected. The decrease in the OR for calendar year of birth (mostly due to prenatal diagnosis) may not look impressive, but one should bear in mind that the OR reflects the decrease in one year. The odds for anencephaly at year 11 compared with the corresponding odds in year 1 is thus 0.924 10 = 0.45. The negative association between anencephaly and the number of malformations is likely to be due to a registration artifact.
Results

Adjusting for putative confounders
For cleft palate, the OR for sex (boys = 1, girls = 2) and number of malformations are significantly increased. The elevated OR for sex was expected as cleft palate is known to be more common among girls. Table 2b shows the modification of the association between anencephaly and cleft palate when the putative confounders were entered into the multiple logistic regression model as independent variables. A moderate increase of the OR for cleft palate could be seen when the design variables for programme entered the model as explanatory variables. However, even if the putative confounders: year of birth, maternal age, and sex are important explanatory variables when anencephaly is the outcome variable, they do not seriously confound the association between anencephaly and cleft palate. When each of the explanatory variables: stillbirth, autopsy, and number of malformations entered the model, the OR for cleft palate increased moderately. When summarizing the results of Table 2b , it can be noted that even if no drastic changes of the calculated OR for cleft palate occurred when any of the putative confounders was entered into the model, the association between cleft palate and anencephaly increased from borderline significance with an OR of 1.54 (95% CI : 1.01-2.36) to a strongly significant OR of 2.07 (95% CI : 1.32-3.25).
Other associations disappear after controlling for the various putative confounders. For example, Figure 1 shows the disappearance of a significant association between heart malformations and gut malrotation. The most important confounders to this association are 'autopsy' and 'number of malformations', indicating that the frequently described association between gut Goodness of fit c χ 2 = 7.85, P = 0.92526, d.f. = 8.
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a Odds ratio.
b Likelihood ratio statistics. The attached P-value reflects the probability that the OR for the independent variables in a certain model are all equal to unity. c Hosmer-Lemeshow statistic. 14 malrotation and congenital heart malformations is due to close examinations of infants who die in the newborn period, and to the fact that both malformations frequently occur in multimalformed infants. 
Second-hand associations
If malformations A and B are very strongly associated, then even quite strong associations between any of those malformations and another malformation may not be detected. For example; craniostenosis is strongly associated with buphthalmia (OR = 8.94, 95% CI : 4.23-18.91) and poly-syndactyly (OR = 2.81, 95% CI : 1.99-3.96). When the data set was weeded for these malformations as described in Material and Methods, a rather strong association between craniostenosis and cleft palate was detected (OR = 1.93, 95% CI : 1.20-3.09). The increase of the estimated OR is due to the fact that, as detailed under step 2 in Material and Methods, all infants with no other malformations than A and B are removed from the data set.
Searching for clusters
By using interaction variables of the significant associations (malformations A + B) found in step one as outcome variables, it is easy to detect associations between those pairs and a third malformation (C). However, the existence of an association between three malformations is not evidence of a true cluster because the combination ABC may be due to strong associations between malformations A and B, and between B and C. In the present study (as detailed in Material and Methods), two more multiple logistic regression analyses investigating the associations A + C, and B + C, respectively, were performed for each detected significant association ABC. Only if the malformation C was significantly more associated with the pair A + B than with the malformations A or B alone, the combination ABC was considered to be a true cluster. This result could also be achieved by reducing the data set to only contain infants with any of the malformations A and B. But, as the numbers become more limited, that approach diminishes the chances of controlling for putative confounders. Figure 2 shows the relation between oesophageal atresia, anal atresia, and bilateral kidney agenesis or dysgenesis. The left part of the Figure shows a strong association between the combination oesophageal atresia + anal atresia and bilateral kidney a/dysgenesis, but this association is entirely explained by the strong association between oesophageal atresia and anal atresia on one hand (observable in the middle part of Figure 2 ), and the association between anal atresia and bilateral kidney a/dysgenesis on the other. In other words: if an infant has anal atresia, the presence of oesophageal atresia does not influence the probability of the infant also having kidney a/dysgenesis. Similarly, the right part of Figure 2 shows that if anal atresia is present in an infant, the probability of the infant also suffering from oesophageal atresia is independent of the presence or absence of kidney a/dysgenesis. The middle part of Figure 2 shows another situation: oesophageal atresia is negatively associated with bilateral kidney a/dysgenesis (observable in the left part of the Figure) . But if oesophageal atresia and bilateral kidney a/dysgenesis are present simultaneously, anal atresia is present more often than expected. It should be noted that the latter association could not be found by the method described in Material and Methods, as only positively associated pairs were considered as outcome variables. The association was instead found when investigating (as mentioned in Material and Methods) a possible cluster more thoroughly. Figure 3 shows a third situation; transverse limb reduction defect (TLRD) is associated with cleft lip with or without cleft palate (CL(P)) and with encephalocele (both pairwise associations of borderline significance). When the combination Figure 1 Associations between heart malformations-malrotation of the gut (gutmalrot), and postaxial polydactyly (postax.polydact)-polycystic kidney (polycyst.kidn), respectively. The odds ratios (OR) with 95% CI as vertical bars, adjusted for various confounders as specified in the box encephalocele and TLRD is studied, it is revealed not only that the pair combination is strongly associated with CL(P), but also that, when infants with encephalocele are removed from the TLRD-group, the association between CL(P) and TLRD is no longer significant.
In order to compare the results obtained by our main method, (step 3a) with the results obtained using models based on the assumption that the effects of presence of malformations are multiplicative, numerous analyses with the method called 3b in Investigation of a putative cluster containing the malformations: encephalocele (encephal), cleft lip with or without cleft palate (CL(P)), transverse limb reduction defects (TLRD). The odds ratios (OR) (with 95% CI as vertical bars) adjusted for programme, year of birth, maternal age, infant sex, stillbirth, autopsy, and number of malformations agreed with the results obtained by the main method, some did not converge, but generally (as expected), if two malformations, A and B, were both positively associated with malformation C, the method called 3b often failed to detect combinations A + B which by our method were found to be significantly associated with malformation C. As an example, Figure 4 shows two clusters detected with our main method.
The left part of the Figure shows a strong association between spina bifida and the combination anal atresia-omphalocele. In a model with spina bifida as the outcome variable and anal atresia, omphalocele, and the interaction term anal atresia*omphalocele as independent variables, the OR (and 95% CI) for spina bifida were 0.64 (95% CI : 0.40-1.03), 2.32 (95% CI : 1.53-3.53), and 3.10 (95% CI : 1.33-7.24, P = 0.009), for anal atresia, omphalocele, and the interaction term anal atresia*omphalocele, respectively. The right part of Figure 4 shows an association between spina bifida and the combination omphaloceleintersex, which by our main method, in terms of P-values, was of the same magnitude as the former discussed association between anal atresia-omphalocele and spina bifida. However, for this latter combination the alternative method (step 3b) failed to detect a significant association with spina bifida: with spina bifida as the outcome variable and anal atresia, omphalocele, and the interaction term as independent variables, the OR for spina bifida were 2.67 (95% CI : 1.81-3.94), 0.93 (95% CI : 0.47-1.83), and 2.17 (95% CI : 0.72-6.52, P = 0.17), for omphalocele, intersex, and omphalocele*intersex, respectively.
As mentioned in Material and Methods a series of analyses using log-linear models 13 was performed. Due to small cell sizes, only a limited number of confounders could be controlled for by this method. The OR of pairwise associations obtained by this method agreed well with the corresponding OR obtained by our method. However, like the method described under step 3b, the log-linear method failed to detect three-way interactions if the two-way interactions were positive. Table 3 shows a comparison of crude results obtained from the three methods described. The size of the three-way interaction terms are best described by their P-values as their point estimates have different interpretations depending on which model is used. As shown in Table 3 , the point estimates of the OR between spina bifida and omphalocele, conditional on the absence of anal atresia or intersex, respectively, are identical, whereas, as described above, the P-values for the three-way interaction terms differ between our main method on one hand, and our alternative method and the method of Beaty et al. 13 on the other hand.
Discussion
This paper is methodological and the examples were chosen in order to demonstrate how the technique works, not in order to reveal previously unknown associations. Some examples like the association between oesophageal and anal atresia may seem self-evident.
In the previous literature, different techniques have been used in the study of multimalformed infants. In particular, in early studies, population rates were applied in order to estimate the expected number of infants with a specific combination of malformations. More recently, the population rate of hypospadias among boys was applied to the number of boys with spina bifida in order to calculate how many boys should have both malformations; many more than the expected number was found. 5 What is neglected in such calculations is the fact that infants with two or more malformations do not occur by the random coincidence of two teratogenic factors but as a result of
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Figure 4
Associations between spina bifida (spinabif) and two pairs of malformations: anal atresia (analatr) + omphalocele (omphaloc), and omphalocele + intersex, respectively. The odds ratios (OR) (with 95% CI as vertical bars) adjusted for programme, year of birth, maternal age, infant sex, stillbirth, autopsy, and number of malformations one and the same hit of the embryo (teratogenic or genetic). It has been shown 2, 7, 9, 20, 21 that this is true for practically all infants with three or more malformations, while a substantial proportion of infants with two malformations are the result of a random hit of two 'teratogens' on the same embryo. The statistically very significant association described by Martínez-Frías 5 disappears completely if the abovementioned argument is used. The crude OR is 0.90 (95% CI : 0.54-1.50) when the analysis is made within multimalformed infants and there is no reason to regard this pair-wise constellation as a specific one.
The method introduced by Källén and Winberg 1,2 and repeatedly used afterwards did not take into consideration the fact that various confounders may influence the probability of the occurrence and/or registration of a specific malformation. We have tried to control for this phenomenon using the logistic regression technique described in this paper. An alternative could be a stratified analysis but the low number of cases within each stratum would make such an analysis insensitive because of loss of information.
Programme
The importance of taking programme into consideration is clearly apparent from the example of polycystic kidney (Figure 1 ) given above and is often seen. Consideration of the data source should be a mandatory component of any analysis of data compiled from different birth defect registries. The same phenomenon may occur within a programme when data are collected from different sources like obstetric wards, paediatric wards, child surgery, etc. and also from different hospital levels. We have not been able to take such factors beyond the registry level into consideration.
Maternal age and infant sex
The most marked effect of maternal age on malformation risk refers to chromosome anomalies which were excluded from the analysis. For a few other malformations like gastroschisis, 22 maternal age may appear as an important confounder. Many congenital malformations show an aberrant sex ratio with an excess of males (e.g. cleft lip) or females (e.g. cleft palate). If infant sex is not entered into the model, an artifactual association can be obtained between all malformations showing the same sex ratio deviation. The specific problems with malformations occurring only in one sex and with unknown sex or intersex conditions were commented upon in Material and Methods.
Stillbirth and autopsy
The effect of autopsy is, for instance, demonstrated for the combination of heart malformations and malrotation of the gut in Figure 1 .
Number of congenital malformations
In their analysis of further malformations added to the VATER complex, Botto et al. 9 took into consideration the total number of malformations in the infants. In our model, this factor has often been shown to be a very strong determinant as exemplified in Figure 1 for the malrotation of the gut and cardiac defect association which completely disappeared when the number of malformations was added to the model.
With the aim of identifying associations between three malformations (triplets), our alternative method produced identical results with those obtained by the log-linear method 13 (which we were forced to modify in order to analyse our data). If loglinear models were used only a limited number of confounders could be controlled for, however. These methods are both based on the assumption that the expected risk of malformation C, given that malformations A and B are present, would be the product of the separate risks. Our results, exemplified by the example omphalocele-intersex and spina bifida, indicate that this approach has rather low biological relevance. In our main method, we simply assume that a true triplet exists if ANALYSING MULTIMALFORMED INFANTS 709 The principal reason to look for clusters or non-random associations of malformations in multimalformed infants is to try to identify groups of infants showing specific patterns which could indicate similar pathogenesis and perhaps aetiology. The method presented here may give less biased results than previous techniques. It should be remembered, however, that even though a specific malformation may not be part of such a pattern, it can nevertheless often be present and perhaps be of clinical significance. Good examples are a congenital heart defect, intrauterine growth retardation, or high perinatal mortality which are present in a high percentage of multimalformed infants and therefore have a low diagnostic value in the identification of specific patterns, in spite of often being clinically important.
Clinical observation of a number of infants with a combination of specific malformations has often resulted in the identification of new 'syndromes'. From such series it is not possible to evaluate whether the observed pattern is really non-random or not. Only epidemiological analyses of large databases can answer such questions. In all such large-scale studies the problem of varying ascertainment appears. With our method, at least some factors affecting ascertainment have been controlled for. We plan to use this method to analyse some 'well-known' non-random associations of congenital malformations.
